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Differentiation of murine T-helper (Th) 17 cells is induced by
antigenic stimulation and the sequential action of the cytokines
IL-6, IL-21, and IL-23, along with TGFB. Current dogma proposes
that IL-6 induces IL-21, which, in a STAT3-dependent manner,
amplifies its own transcription, contributes to IL-17 production,
and, moreover, promotes the expression of the IL-23 receptor. This,
in turn, prepares cells for IL-23-mediated stabilization of the Th17
phenotype. Here we demonstrate that these effects of IL-21 on
Th17 differentiation are completely dependent on IFN regulatory
factor 4 (IRF4). After culturing in the presence of IL-21 plus TGFp,
IRF4-deficient (Irf4=/~) Th cells showed a profound intrinsic defect
in IL-17 production and in the autocrine IL-21 loop. Likewise, the
levels of IL-23 receptor and the lineage-specific orphan nuclear
receptors RORa and RORyt were diminished, whereas the T reg-
ulatory (Treg) transcription factor forkhead box P3 (Foxp3) was
strongly up-regulated, consistent with the reciprocal relationship
between Th17 and Treg development. Despite this loss of IL-21
functions, IL-21-induced STAT3 activation was unimpaired and
induced normal Socs3 expression. Forced expression of Foxp3 in
WT cells inhibited IL-21-mediated IL-17 production, suggesting that
the increase in Foxp3 contributes to the Irf4-/~ phenotype. Addi-
tionally, the low levels of RORa and RORyt are also partially
responsible, because simultaneous overexpression of both pro-
teins restored IL-17 production in Irf4—/~ cells to some extent.
These data highlight IRF4 as a decisive factor during the IL-21-
mediated steps of Th17 development by influencing the balance of
Foxp3, RORa, and RORyt.

Foxp3 | orphan nuclear receptors

ollowing activation by antigen, the local cytokine milieu

drives the differentiation of naive T-helper (Th) cells into
cytokine-secreting effector cells with specialized functions. De-
pending on their specific cytokine profile, effector Th cells can
be classified into four main subsets termed Th1, Th2, Th17, and
T regulatory (Treg) cells. Whereas Thl cells produce IFNv,
which regulates cellular immunity, Th2 cells secrete IL-4, IL-5,
and IL-13 to control humoral and anti-parasite immunity. Be-
cause of their critical functions in a variety of autoimmune
diseases in humans and mice, Th17 and Treg cells have recently
received much attention. Th17 cells produce IL-17A, IL-17F,
IL-21, and IL-22, which are highly pro-inflammatory and induce
severe autoimmunity, e.g., during experimental autoimmune
encephalomyelitis (EAE), the mouse model for multiple scle-
rosis. In contrast, Treg cells control effector T cell responses and
suppress autoimmunity (1, 2).

In mice, differentiation of both Th17 and Treg cells requires
TGFB. By itself, this cytokine induces the Treg-specific tran-
scription factor forkhead box P3 (Foxp3) and generates inducible
Treg cells (3, 4). Conversely, a combination of TGFB with IL-6,
which blocks TGFB-driven Foxp3 expression, triggers Th17
development (5-7). Two additional cytokines, IL-21 and IL-23,
are also critically involved in the differentiation of Th17 cells (8).
IL-21 belongs to the common vy-chain family, signals mainly via
STATS3, and is highly expressed by Th cells after stimulation via
the TCR in the presence of IL-6 (9, 10). In combination with
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TGEB, IL-21 induces and amplifies Th17 development indepen-
dently of IL-6 (11-13). IL-21 further induces its own expression
in an autocrine manner and additionally up-regulates IL-23
receptor (IL-23R) (11-13). Hereby, IL-21 prepares Th cells for
the signals provided by IL-23, which facilitates the maintenance
and stabilization of the Th17 phenotype (14, 15). Consistent with
the reciprocal relationship between Th17 and Treg development,
IL-21 inhibits the expression of Foxp3 (11, 13). Thus, IL-21 plays
a critical role in a positive feedback loop, which facilitates de
novo induction, expansion, and stabilization of differentiating
Th17 cells.

The retinoic acid receptor-related orphan receptor (ROR) yt
and the recently described RORa are two STAT3-regulated
lineage-specific transcription factors that orchestrate the devel-
opment of Th17 cells. These transcription factors are sufficient
to cooperatively augment the expression of IL-17A, IL-17F, and
IL-23R (16). Accordingly, loss of function in either RORa or
RORwyt partially reduces, and combined mutation profoundly
impairs, Th17 differentiation in vitro and in vivo (16, 17).
Another transcription factor regulated by TCR signal transduc-
tion, IFN regulatory factor 4 (IRF4), is also essential for Th17
development (18). IRF4 belongs to the IRF transcription factor
family, which is important for type I IFN production, Toll-like
receptor signaling, and Th cell differentiation (19, 20). We have
previously shown that, apart from its previously reported role
during Th2 development (21, 22), IRF4 is absolutely required for
IL-6 and TGFB-mediated Th17 generation in vitro (18). Re-
markably, IRF4-deficient (Irf4~/~) mice are totally resistant to
EAE, a phenotype accompanied by complete lack of Th17 cells
in the brain and spleen. This observation suggests that not only
the conventional IL-6- and TGFB-mediated pathway of Th17
differentiation, but also the alternative IL-21-mediated pathway,
might be dependent on IRF4.

In the present study we report that the entire range of IL-21
effects on Th17 development is compromised in Irf4~/~ Th cells.
This includes IL-21-induced production of IL-17 and IL-21 itself,
aswell as expression of IL-23R, RORa, and ROR+yt. As we show,
these effects of IRF4 are mediated at least in part by an influence
on the balance of Foxp3, ROR«, and RORxyt.

Results

IL-21-Mediated Th17 Differentiation Is Abolished in Irf4=/= Th Cells.
Because IL-21 plays a critical role in IL-6-independent Th17
development (11-13), we compared the responsiveness to IL-21
of purified CD62LMCD4* naive Irf4~/~ and WT T cells. The cells

Author contributions: M.H., A.B., and M.L. designed research; M.H., A.B., K.R., A.G., G.W.,
and A.M. performed research; E.v.L. contributed new reagents/analytic tools; and M.H. and
M.L. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
1To whom correspondence should be addressed. E-mail: huberma@med.uni-marburg.de.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0809077106/DCSupplemental.

© 2008 by The National Academy of Sciences of the USA

www.pnas.org/cgi/doi/10.1073/pnas.0809077106


http://www.pnas.org/cgi/content/full/0809077106/DCSupplemental
http://www.pnas.org/cgi/content/full/0809077106/DCSupplemental

A . Tho . L1 . TGFB  IL-21+TGFB
.j0.1 N0 .[0.2 .97
NI 7 J N BN
~*T0.1 o1 *0.1 *0.0
N Irf4-/-
BTSN T A

s Y S

B . TO 21 TGFB  IL-21+TGFB
":; 0.2 0.2 ,;1.3 0.1 ";0.6 0.1 ";7.5 0.3
N N - N

T 102

200 1ol 102
200 1ol 102

Lt e ®

. e £
CD45.2
C D 4 Rorc
§1841L23r 35
5 » E
g
21 25]
<10 20
z f=
rs8 -2 15
56 310
. < oL 1'ul B
IL-21 - -
€5
TGFB oo s e s 04 Rora
IL6 + - + - = o
$3.5]
3
25|
2
15|
1
0.5] I I
0
21 - - o+ - -
TGFp - - -+ o+ o+
e - o+ - -+ -

Fig. 1. IRF4 deficiency abrogates IL-21-mediated Th17 differentiation. (A)
Flow cytometry of naive Irf4~'~ or WT CD4* cells differentiated in the presence
of indicated cytokines, re-stimulated, and stained intracellularly by anti-IL-
17PE (y axis) or isotypeFITC (x axis). (B) Flow cytometry of naive CD45.2*+/+
Irf4='= or CD45.2~/~ WT CD4* T cells, which were mixed, differentiated, and
stained for CD45.2 (x axis) and IL-17 (y axis). (A and B) the frequencies of IL-17"
cells are indicated. (C and D) Real-time RT-PCR for //123r, Rora, and Rorc mRNA
in naive Irf4~' (filled columns) or WT (open columns) CD4* cells cultured for
48 h under the indicated conditions. The expression level in WT (for //23r) or
Irf4='= (for Rora and Rorc) cells under ThO conditions was set to 1. Data (+SD)
represent duplicate determinations. Representative data from three experi-
ments are shown.

were stimulated with plate-bound anti-CD3 and soluble anti-
CD28 antibodies in the presence or absence of IL-21 or TGFf
alone or in combination for 3 days. After re-stimulation, IL-17-
producing cells were assessed by intracellular staining and flow
cytometry. Consistent with previous data (11-13), a high per-
centage of IL-17-producing WT cells were induced by the
combination of IL-21 and TGFp, whereas IL-21 alone also
induced some IL-17-positive cells (Fig. 14). No such cells were
detectable under neutral (i.e., ThO) conditions or in the presence
of TGFp alone. In the absence of IRF4, we observed a complete
block in IL-17 production in response to IL-21 or IL-21 plus
TGEFpB. Apart from an intrinsic function of IRF4 in Th cells, this
effect could result from the increased expression of an inhibitory
molecule by Irf4~/~ Th cells or from the presence of contami-
nating suppressor cells. To exclude these possibilities, we mixed
and co-cultured CD45.2% Irf4=/~ and CD45.2~ WT cells in the
presence of IL-21 or TGFB for 3 days. After restimulation,
CD45.2 expression and intracellular IL-17 levels were deter-
mined. In these mixed cultures, WT cells still produced IL-17
(Fig. 1B), indicating that Irf4~/~ cells could not block Th17
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differentiation in WT cells and thus arguing against any extrinsic
suppressive mechanism involved. Conversely, the presence of
WT Th cells could not abolish the Irf4~/~ Th cell defect in IL-17
production. These data establish that Irf4~/~ Th cells possess an
intrinsic defect to differentiate into IL-17 producers in the
presence of IL-21 plus TGFB.

Recent data indicate that Th17 cells require IL-23 to maintain
their pathogenic function during EAE (15). Furthermore, it is
known that the expression of [I23r is dependent on IL-21,
because IL-21-deficient cells do not express [/123r (12). These
considerations and the complete resistance of Irf4~/~ mice to the
induction of EAE prompted us to analyze I/23r expression in
Irf4~'~ and WT Th cells. Consistent with previous data (12, 23),
real-time RT-PCR measurement revealed robust //23r mRNA
expression in WT Th cells after 48 h of treatment with IL-21 or
IL-6 alone or together with TGF (Fig. 1C). In striking contrast,
Irf4=/~ Th cells did not express any I/23r mRNA in response to
IL-21 or IL-6 alone, and even when TGFB was added, the
expression of this gene was severely compromised. These data
indicate that IRF4 is essential for //23r expression in Th17 cells.

As already mentioned, IL-17 production and IL-23R expres-
sion are both dependent on the lineage-specific transcription
factors RORa and RORyt (encoded by Rora and Rorc, respec-
tively) (16, 17). Accordingly, mice doubly deficient in ROR« and
ROR+yt function fail to generate a Thl7 response and are
completely resistant to EAE (16). Because Irf4~/~ mice display
a very similar phenotype (18), we next determined if these
transcription factors are expressed by Irf4~/~ Th cells. As
expected, the combination of IL-21 or IL-6 plus TGFB syner-
gistically up-regulated Rora and Rorc mRNA expression in WT
Th cells (Fig. 1D). In Irf4~/~ Th cells, the mRNA levels of both
transcription factors were significantly diminished, although the
level of Rorc mRNA was more strongly reduced than that of
Rora. This result is consistent with the abolished IL-17 produc-
tion and greatly compromised [/23r expression observed in
Irf4=/~ Th cells, and reveals that both Rora and Rorc are
expressed in an IRF4-dependent manner.

siRNA-Mediated IRF4 Knock-Down Impairs IL-21-Induced Th17 Differ-
entiation in WT Cells. The inability of Irf4~/~ Th cells to react
appropriately to IL-21 could be secondary to developmental
alterations occurring in these mice rather than to the direct effect
of IRF4 on signaling pathways involved in Th17 cell differenti-
ation. To exclude this possibility, we examined the role of IRF4
in WT cells during IL-21-mediated Th17 differentiation after
transient knock-down using siRNA. To achieve this, we nucleo-
fected purified CD4* WT cells with either one siRNA molecule
(sil) or a mix of three different siRNA molecules (siMix)
targeting IRF4. As a control, we used scrambled siRNA or we
nucleofected cells without siRNA to exclude any unspecific
influence of the nucleofection protocol on the development of
Th17 cells. Twenty-four hours after nucleofection, immunoblot-
ting was performed, which demonstrated lower IRF4 protein
amounts in cells nucleofected with sil or siMix compared with
control cells nucleofected with or without scrambled siRNA
(Fig. 24). Consistent with the IRF4 protein levels, nucleofection
with both sil and siMix caused a significant reduction in the
frequency of IL-17-producing cells compared with control
nucleofection with or without scrambled siRNA (Fig. 2B).
Furthermore, the expression of Rorc mRNA was significantly
down-regulated by both types of siRNA against IRF4 (Fig. 2C).
These data clearly establish that IRF4 is important for IL-21-
mediated Th17 differentiation in WT cells, and that the defect
of Irf4=/~ Th cells is not secondary to developmental alterations.

IRF4 Is Essential for IL-21 Expression. The results presented here

show that IRF4 is necessary for the response to IL-21 with
respect to Th17 differentiation, but thus far we have not ad-
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Fig. 2. IRF4 regulates IL-21-mediated Th17 development in WT cells. CD4*
WT cells were nucleofected without any siRNA (NF), with scrambled (Scr) or
one (si1) or three different (siMix) siRNA molecules targeting IRF4 and further
cultured. (A) Immunoblot of IRF4 and B-actin 24 h after nucleofection. (B) Flow
cytometry of nucleofected cells after priming for 72 h with IL-21 plus TGF8 and
re-stimulation. The percentages of IL-17" cells are indicated. (C) Real-time
RT-PCR for Rorc mRNA in nucleofected cells 24 h after nucleofection. The
expression level in cells nucleofected with si1 was set to 1. Data (*=SD)
represent duplicate determinations. Representative data from three experi-
ments are shown.

dressed whether IRF4 might be similarly important for the
expression of IL-21 itself, which is also a product of cells cultured
under Th17 conditions (9, 11-13). IL-21 production can be
induced by IL-21 or IL-6 alone or in combination with TGFf in
a STAT3-dependent manner (9, 11-13). In Th cells lacking the
function of both ROR« and RORyt, but not ROR+t alone, IL-21
production was greatly compromised, suggesting that its expres-
sion requires the cooperation of both of these transcription
factors (16). To analyze the role of IRF4 in IL-21 production, we
compared 7121 mRNA expression in Irf4~/~ versus WT Th cells
in response to IL-21 or IL-6 alone or in combination with TGFp.
IL-21 and IL-6 increased 1121 expression in Th cells from WT
mice, but not from Irf4~/~ mice, an effect essentially independent
of TGFp (Fig. 34). Furthermore, transient siRNA knock-down
of IRF4 confirmed the essential requirement of IRF4 for 1121
expression in WT cells stimulated with IL-21 and TGFpB (Fig.
3B). Consistent with the mRNA data, IL-21 protein production
was also greatly reduced in Irf4~/~ cells after stimulation with
IL-6 alone or in combination with TGFB (Fig. 3C). In this
setting, we were of course unable to measure the response to
IL-21 protein. These data show that IRF4 deficiency gave rise to
almost complete loss of /121 expression in response to IL-21 itself
and to IL-6, supporting the finding of greatly diminished levels
of Rora and Rorc mRNA.

IL-21-Induced Signaling in Irf4='~ Th Cells. Like other type I cyto-
kines, IL-21 signals via the Jak-STAT pathway and can activate
STATI1, STAT3, STATS5a, and STATSb (24). However, during
Th17 development, the activation of STAT3 appears to be most
important for IL-21 signaling, because the expression of ROR«
and ROR+t is dependent on STAT3 (9, 16, 25), and conse-
quently, the Th17 developmental program is greatly compro-
mised in STAT3-deficient cells (9, 12, 25). The similarity be-
tween the phenotypes of Star3~/~ and Irf4~/~ Th cells prompted
us to compare IL-21-dependent STAT3 activation in Irf4~/~ and
WT cells. As shown in Fig. 44, phosphorylation of STAT3 at
tyrosine 705 was equivalent in primed Irf4~/~ and WT Th cells
after addition of IL-21 for 20 or 80 min. We also examined the
possibility that IRF4 might influence STAT3 translocation to the
nucleus. Again, we found no differences of Irf4 =/~ versus WT Th
cells here with respect to levels of phosphorylated STAT3 in
nuclear extracts after activation with IL-21 plus TGFf [support-
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Fig. 3. IRF4 is essential for IL-21 production. (a and b) Real-time RT-PCR
analysis for /21 mRNA: (A) in naive Irf4~/~ (filled columns) or WT (open
columns) CD4" cells differentiated for 48 h under the indicated conditions.
The expression level in WT cells under ThO conditions was set to 1. (B) CD4* WT
cells nucleofected and cultured as described in Fig. 2. The expression level
tested with si1 RNA was set to 1. (C) ELISA of IL-21 in culture supernatants of
naive Irf4~'~ (filled columns) or WT (open columns) CD4" cells differentiated
in the presence of the indicated cytokines. Culture supernatants were col-
lected at the indicated time points. Data (+SD) represent duplicate determi-
nations. Representative data from three experiments are shown.

ing information (SI) Fig. S1]. Thus, IRF4 is not involved in
IL-21-induced STAT3 phosphorylation and nuclear localization.
As the expression of IL-21 is promoted by nuclear factor of
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Fig. 4. IL-21 induces normal STAT3 activation but increased /fng expression
in Irf4~/= Th cells. (A) Immunoblot of pSTAT3, total STAT3, and B-actin in
whole-cell lysates prepared from naive Irf4~/~ or WT CD4~ cells primed for24 h
under ThO conditions, washed, rested for 2 h, and stimulated with IL-21 for the
indicated times. (B and C) Real-time RT-PCR analysis for Socs3 and /fng mRNA
in naive Irf4~'~ (filled columns) or WT (open columns) CD4* T cells differen-
tiated for 48 h in the presence of the indicated cytokines. The expression level
in WT cells under ThO conditions was set to 1. Data (+=SD) represent duplicate
determinations. Representative data from three experiments are shown.
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activated T cells cytoplasmic 2 (NFATc2) (26), which interacts
with IRF4 (22), we also analyzed whether the absence of IRF4
impairs the translocation of NFATc2 to the nucleus. However,
we found comparable amounts of this protein in nuclear extracts
of Irf4~/~ and WT Th cells (Fig. S2), indicating that the strongly
compromised IL-21 production in Irf4~/~ cells is not mediated
through defective NFATc2 translocation. Consistent with the
data in Fig. 44 and Figs. S1 and S2, [I2]r expression was not
influenced by IRF4 deficiency (Fig. S3).

Because Irf4~/~ cells display normal activation of the tran-
scription factors STAT3 and NFATc2 in response to IL-21, but
greatly impaired expression of genes directly involved in Th17
development, we asked whether IL-21 is able to influence
transcription of other genes in Irf4~/~ cells. One of the direct
consequences of signaling by many type I cytokines is the
“downstream” activation of suppressors of cytokine signaling
(SOCS) proteins, and it has been suggested that STAT3 induces
the expression of SOCS3 (27). Furthermore, IL-21 induces Socs3
mRNA in CD8* T cells (28) and macrophages (29). Therefore,
we compared Socs3 mRNA expression in Irf4~/~ and WT Th
cells. Stimulation with IL-21 alone or in combination with TGFf
up-regulated Socs3 mRNA expression to a similar extent in
Irf4=/= and WT Th cells (Fig. 4B), illustrating the existence of
IL-21-mediated gene induction not influenced by IRF4
deficiency.

Although STAT3 phosphorylation and nuclear localization
are normal, the entire IL-21-mediated Th17 developmental
program is compromised in Irf4~/~ Th cells to a very similar
extent as that observed in Stat3~/~ Th cells. In Stat3~/~ cells, but
not in WT cells, stimulation with IL-21 or IL-6 up-regulated the
Th1 cytokine IFNy instead of IL-17 (12). When we analyzed Ifng
expression, it became apparent that Irf4~/~ Th cells again reacted
similarly to Stat3~/~ cells, in that IL-21 and IL-6 up-regulated the
Th1 cytokine in these cells, but not in WT cells (Fig. 4C). This
result shows that Irf4=/~ Th cells are not completely unrespon-
sive to IL-21 and IL-6, but change aspects of their transcriptional
program in response to these cytokines.

IRF4 Is Involved in IL-21-Mediated Foxp3 Suppression. IL-21 is im-
portant in the developmental relationship between Th17 and
Treg cells, and acts by impairing TGFB-mediated Foxp3 up-
regulation. Thereby, IL-21 promotes RORyt function and con-
sequently Th17 cell differentiation (11, 13, 23). Because IL-21-
mediated Th17 differentiation was abolished in Irf4~/~ cells, we
analyzed whether, under these conditions, Foxp3 expression was
also affected. Therefore, we stimulated Irf4~/~ and WT Th cells,
as described earlier, in the presence or absence of IL-21 and/or
TGFpB. After 72 h, we re-stimulated the cells and analyzed Foxp3
expression by flow cytometry. As previously described, IL-21
efficiently inhibited TGFB-induced Foxp3 expression in WT
cells (Fig. 54) (11, 13). In contrast, in Irf4~/~ Th cells, IL-21-
mediated Foxp3 suppression was minimal. Again, IRF4 reduc-
tion by siRNA led to a similar result in WT cells, as shown by
up-regulated Foxp3 expression under IL-21 plus TGFB condi-
tions (Fig. 5B). Thus, IRF4 is required for IL-21-mediated Foxp3
inhibition in WT cells as well.

To analyze whether increased Foxp3 can influence IL-21-
mediated IL-17 production, we overexpressed Foxp3 by retro-
viral transduction in WT cells stimulated with IL-21 plus TGFp.
Compared with infection with control retrovirus, transduction
with Foxp3-encoding virus substantially decreased the percent-
age of IL-17-producing cells (Fig. 5C). By intracellular staining,
Foxp3 levels correlated with the relative amount of GFP ex-
pression, and GFP-negative cells in this same culture did not
exhibit any decrease in IL-17 expression compared with cells
transduced with an empty virus, indicating a cell-intrinsic effect
of Foxp3. Consistent with a recently published antagonistic
effect of Foxp3 on RORyt function (23), our results suggest that
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Fig.5. IRF4isimportant for IL-21-mediated Foxp3 suppression. Flow cytom-
etry of naive Irf4~/~ or WT CD4* T cells differentiated as described in Fig. 1A
and stained for intracellular Foxp3 (A) and of CD4" WT cells nucleofected,
cultured as described in Fig. 2B, and stained for Foxp3 (B). (A and B) Frequen-
cies of Foxp3™ cells are indicated. (C) CD4" T WT cells transduced with
retroviruses expressing Foxp3-GFP or GFP, treated with IL-21 plus TGFB, and
stained for intracellular IL-17 or Foxp3. (Top) The percentages of GFP~IL-17"
(Left) or GFP*IL-17" cells (Right) or the mean fluorescence intensity (MFI) of
GFP~ or GFP™ cells stained for Foxp3 are indicated. Representative data from
three experiments are shown.

increased Foxp3 levels are involved in the massive impairment
of IL-21-induced Th17 differentiation in Irf4~/~ cells.

ROR« and ROR+yt Deficiency Contributes to the Impaired Th17 Phe-
notype of Irf4='~ Th Cells. Previously, we have shown by retroviral
transduction that RORyt over-expression only partially restored
the IL-6- and TGFB-induced Th17 phenotype in Irf4~/~ cells
(18). Because the mRNA levels for RORa and RORyt were both
greatly impaired in Irf4~/~ cells (Fig. 1D), we examined whether
the co-expression of these lineage-specific transcription factors
could rescue IL-17 production in these cells. Therefore, naive
Irf4=/= and WT Th cells were co-infected with two types of
viruses expressing (i) either RORyt-GFP or GFP or (ii) either
RORa-Thyl.1 or Thyl.1. After infection, the cells were cultured
either under neutral conditions or with IL-21 plus TGFf or
IL-21 alone. After re-stimulation, IL-17-producing cells were
assessed by intracellular staining and analyzed on a
GFP*Thyl.1* gate. Under neutral conditions, ROR« or RORyt
alone but not the control viruses were sufficient to promote some
IL-17 production in WT cells (Fig. 64). In striking contrast,
over-expression of either transcription factor alone induced very
low frequencies of IL-17-positive Irf4~/~ cells. Co-expression of
ROR« and RORwt led to significantly enhanced IL-17 produc-
tion in WT as well as in Irf4~/~ cells, although the percentage of
IL-17-producing cells was still markedly higher in WT (26.3%)
than in Irf4~/~ (3.8%) cells (Fig. 6A4). Under IL-21 plus TGFB
conditions, the co-expression of ROR« and ROR+yt also en-
hanced Th17 differentiation in WT and Irf4~/~ cells (Fig. 6B),
although the percentage of IL-17-positive Irf4~/~ cells was lower
(1.4%) than after culture of these cells under neutral conditions.
This finding was probably caused by the RORa- and RORyt-
antagonizing function of Foxp3, which is expressed at a high level
under IL-21 plus TGFB conditions in Irf4~'~ cells (Fig. 5A4).
Indeed, after incubation of co-transduced cells with IL-21 alone,
the percentage of IL-17-positive cells was greatly enhanced in
WT cultures (65.9%) and much less but still substantially
increased in Irf4 =/~ cultures (6.8%; Fig. 6C). The IL-17 detection
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Fig. 6. RORa and RORyt co-expression partially restores IL-17 production in
Irf4='= Th cells. Flow cytometry of naive Irf4~/~ or WT CD4* T cells cotrans-
duced on days 0 and 1 with retroviruses expressing RORa-IRES-Thy 1.1 (RORa),
RORvt-IRES-GFP (RORyt), or the control empty viruses MSCV-IRES-GFP (MIG) or
MSCV-IRES-Thy1.1 (MIT). After transduction, the cells were cultured under the
indicated conditions, re-stimulated, and stained intracellularly for IL-17 and
extracellularly for Thy1.1. The analyses were performed on a GFP*Thy1.1*
gate and the percentages of IL-17" are indicated. Representative data from
three experiments are shown.

was specific because staining with the isotype control was
minimal (Fig. 6B).

Thus, the combined expression of ROR« and ROR9t restores
the Th17 phenotype in Irf4~/~ cells only to a limited extent;
therefore, other mechanisms such as the interplay of these
factors with Foxp3 are also of relevance.

Discussion

The differentiation of Th17 cells is guided by cytokines derived
not only from the environment but also from autocrine produc-
tion. In the current study, we found that, in the context of Th17
differentiation, IRF4 is absolutely required in a T cell-intrinsic
manner for the production of and responsiveness to IL-21. This
conclusion is based on the finding that IRF4-deficient Th cells
possess a severely compromised reactivity to IL-21 and TGFB
with respect to production of IL-17 and expression of IL-23R,
IL-21, and the lineage-specific transcription factors ROR« and
RORt. As for IL-17, synchronous overexpression of RORa and
RORAwt cooperatively rescued its production by Irf4~/~ cells to
some extent. Thus, the defective expression of these both master
regulators is causally linked to the impaired Th17 development
in Irf4=/= cells. However, the Th17 phenotype was not com-
pletely re-established by co-expression of RORa and RORwt,
indicating that additional factors regulated by IRF4 must also be
involved. Indeed, we found that IRF4 affects 1L.-21-mediated
Foxp3 downregulation, which normally occurs after culture in
IL-21 plus TGFB (compared with TGFp alone) and that retro-
viral overexpression of Foxp3 inhibited IL-21-mediated IL-17
production in WT cells. These results support the described
antagonistic effect of Foxp3 on ROR+yt and ROR« function (23,
30), but also point out that IRF4 is another player in this system
that acts by balancing the levels of ROR«a, RORyt, and Foxp3.
However, expression of Foxp3, RORa, and RORvyt per se is
unable to totally explain the devastating effect of IRF4 defi-
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ciency on Th17 cell differentiation. That view is supported by the
finding that, even under reduced Foxp3 level (i.e., IL-21 condi-
tions), the co-expression of RORa and ROR+yt did not com-
pletely rescue the IL-17 production in Irf4~/~ cells. Either
posttranslational modification of these factors or the participa-
tion of further factors has to be considered.

Although the genetic and biochemical programming of Th17
lineage differentiation in response to IL-6, IL-21, or IL-23 is not
well understood, we tried to elucidate the mechanism by which
IRF4 regulates the levels of ROR«, ROR+t, and Foxp3. Because
the expression of RORa and ROR+yt has been shown to be
STAT3-dependent (9, 16, 25) and, moreover, the suppression of
Foxp3 expression by IL-21 is also at least in part mediated by
STAT3 (11), we analyzed activation of STAT3 in Irf4~/~ cells.
Notably, phosphorylation as well as nuclear translocation of
STATS3 in response to IL-21 was normal in Irf4~/~ cells, indi-
cating that IRF4 regulates the level of RORa, RORyt, and
Foxp3 independently of STATS3. In line with unimpaired STAT3
activation, the induction of Socs3, which has been described to
be STAT3-dependent (27), was equivalent to that in WT cells.
This result confirmed that IL-21-induced STAT3 activation was
not only normal in Irf4~/~ cells, but also successfully led to
transcription of STAT3-dependent genes. In addition, IL-21
enhanced Ifng expression in Irf4~/~ cells but not in WT cells,
revealing a change in the IL-21-mediated gene expression pat-
tern in the absence of IRF4. In summary, our results suggest that
IRF4 regulates the balance of Th17- and Treg-specific transcrip-
tion factors independently of STAT3 phosphorylation and nu-
clear translocation.

Apart from STAT3, NFATc2 was an attractive candidate to
explain the effects of IRF4, because (i) IRF4 interacts with
NFATc2 (22), (ii) NFATc2 has been shown to regulate the
expression of 1L-21 (26), and (iii) Irf4~'~ cells produce IL-21 at
a greatly diminished level. Therefore we analyzed whether the
absence of IRF4 influences the nuclear translocation of
NFATc2. However, as our data show unimpaired NFATc2
translocation in Irf4~/~ cells, the molecular basis of IRF4-
mediated regulation of RORa, RORyt, and Foxp3 levels is
unclear at this time and requires further investigation.

Finally, the relevance of defective Th17 development for the
in vivo situation of the Irf4~/~ mouse should be considered. Work
from our group has shown that this mouse is completely resistant
to disease models which are considered to be strongly dependent
on Th17 cells, namely EAE and inflammatory bowel disease (18,
31). In both disease models, IL-23 signals are relevant for a
strong disease phenotype (15, 32). Because IL-21 is obligatory
for stabilizing IL-23 signals (12, 15) and Irf4~/~ cells produce no
IL-21 in response to either IL-21 or IL-6, our data strongly
suggest that it is the combination of inadequate responses to
IL-21 and IL-6 that makes Irf4~/~ mice completely resistant to
EAE and inflammatory bowel disease. Therefore, the central
function of IRF4 in controlling Th17 differentiation may provide
new opportunities for developing therapies aimed to treat au-
toimmune diseases.

Materials and Methods

CD4* T Cell Purification, In Vitro Stimulation, and Staining. WT C57BL/6 mice
were purchased from the Jackson Laboratory. Irf4~/~ mice were bred at the
animal facility of the Biomedical Research Center at the University of Marburg,
Germany. Naive CD4*CD62LM T cells were prepared by magnetic cell sorting
(MACS; Miltenyi Biotec) from spleens and lymph nodes of 8- to 12-week-old
WT or Irf4~/~ mice and were primed with plate-bound anti-CD3 (5 ug/ml;
145-2C11) and soluble anti-CD28 mAb (1.5 pg/ml; 37.51) in the presence of
recombinant human IL-2 (50 U/ml; Novartis), anti-IL-4 (10% culture superna-
tant of clone 11B11), and anti-IFNvy (5 ug/ml, XMG1.2; i.e., “ThO conditions"’).
Some cultures also received 2 ng/ml recombinant human TGFS31 (R&D Sys-
tems), 50 ng/ml recombinant murine IL-6 (Peprotech), 50 ng/ml recombinant
murine IL-21 (R&D Systems), or combinations of these stimuli. Seventy-two
hours later (unless otherwise indicated), cells were washed and re-stimulated
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with 50 ng/ml PMA and 750 ng/ml ionomycin in the presence of 10 pug/ml
brefeldin A (all from Sigma) for 4 h, after which IL-17-producing cells (anti-
IL-17PE; eBio17B7; eBiosciences) were analyzed by intracellular staining. For
Foxp3 detection (anti-Foxp3PE; FJK-16s; eBiosciences), the Foxp3 staining kit
(eBioscience) was used. CD45.2 or Thy1.1 surface staining was done with
anti-CD45.2FITC (104; eBioscience) or anti-Thy1.1PerCP (OX-7; BD) for 15 to 20
min at4 °Cbefore fixation and intracellular staining. Cells were analyzed with
a FACSCalibur system and CellQuest Pro software (BD). IL-21 in culture super-
natants was detected by using the mouse IL-21 DuoSet assay (R&D Systems)
according to the manufacturer’s instructions.

Quantitative Real-Time PCR. Total RNA was isolated from cell pellets with the
High Pure RNA isolation kit (Roche). cDNA was synthesized with oligo(dT)
primers using the RevertAid First Strand cDNA Synthesis Kit (MBI Fermentas),
and gene expression was examined with an ABI Prism 7700 Sequence Detec-
tion System (Applied Biosystems) using the qPCR Core Kit for /121, Ifng, Socs3,
and Hprt1 (hypoxanthine-guanine phosphoribosyl transferase) or the SYBR
Green | qPCR core kit (both from Eurogentec) for IL21r, 1123r, Rorc, Rora, and
Hprt1. Levels of each gene were normalized to Hprt1 expression using the
AACt method. The primer sets and probes for Ifng, 1121, 1123r, Rora, Rorc, and
Socs3 were previously described (7, 12, 16, 18, 33).

Nucleofection. WT CD4" T cells were nucleofected with IRF4-specific si1, a
mixture of three different IRF4-specific siRNA constructs, or scrambled siRNA.
The siRNAs were designed as described (34) and prepared by IBA. Nucleofec-
tion was performed as described (33), then the cells were cultured under the
conditions indicated in the experiments. The sequences of the siRNAs were
previously described (18).
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Immunoblotting. For the phospho-STAT3 (pSTAT3) and IRF4 immunoblots,
whole-cell lysates were prepared as described (33). To study pSTAT3 and
NFATc2 translocation, nuclear extracts were made as described (35). Proteins
were fractionated by SDS/PAGE, transferred to nitrocellulose membrane,
immunoblotted with pSTAT3 Tyr-705 (9131; Cell Signaling Technology), IRF4
(M-17; sc6059; Santa Cruz Biotechnology), or NFATc2 (1G209; ImmunoGlobe)
antibodies, then re-probed with antibodies to total STAT3 (124H6; 9139; Cell
Signaling Technology), Sp3 (D20; sc644; Santa Cruz Biotechnology), or B-actin
(Sigma-Aldrich).

Retroviral Transduction. The retroviral vectors containing Foxp3 and RORyt
have been described (4, 17). The gene encoding RORa (GenBank accession
number XM_903197) was amplified by PCR with the following primers: for-
ward, 5'-ATAAGAATGCGGCCGCAGGATGTATTTTGTGATCGCAGC-3'; reverse,
5'-ACGCGTCGACGCGACATTTACCCATCG-3'. They were digested by Notl and
Sall and cloned into the retroviral vector MSCV-IRES-Thy1.1 (gift from Dr.
Heissmeyer, Munich, Germany) containing the internal ribosome entry site
(IRES)-regulated gene for mouse Thy1.1. WT CD4* T cells were infected by
retroviruses expressing Foxp3-IRES-GFP or control empty vector (containing
IRES-GFP) as described previously (18). Co-infections were performed with
retroviruses expressing RORa or its control vector (both with IRES-Thy1.1) and
ROR~yt orits control vector (both with IRES-GFP). After infection, the cells were
cultured under the conditions indicated in the experiments. On day 5, the cells
were re-stimulated and analyzed for GFP, Thy1.1, IL-17, or Foxp3 expression.
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